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FOREW ORD

This report describes a new technical development of potentially broad
application that, with almost classic serendipity, has arisen unforeseen from
U.S. space research., A brief summary of its history may cast light on the
unexpected courses so often encountered in research activity.

The original concept was developed early in 1963 by Vernon L. Rogallo,
an instrumentation specialist at NASA's Ames Research Center, Mr, Rogallo
conceived of a pair of piezoelectric beams arranged to serve as springs and
acceleration detectors. They would serve as a detector of the impact of
micrometeorites upon spacecraft and satellites. Preliminary work indicated
that such a transducer would indeed be extraordinarily sensitive: it was capa-
ble of detecting an impact a thousandth of that generated by a single grain of
table salt falling a distance of one centimeter,

But as can happen to the best of ideas in modern technology, external
considerations intervened and the micrometeorite sensor was not flown,
Somewhat later, in June 1963, in response to an inquiry from the Ames
Biosatellite group for a means to monitor bird embryos in orbit, Mr. Rogallo
undertook a number of experiments with the momentum-transducer concept.
These studies indicated that the ultrasensitive transducer was indeed an ex-
cellent ballistocardiograph, able to make delicate measurements of embryo
heartbeats with no damage to the egg.

Once again, however, extraneous considerations intervened, and lighter,
simpler methods were selected for the Biosatellite use. The experimental
apparatus was disassembled and the concept shelved for the second time, It
would perhaps remain there yet except for the fact that the Technology Utiliza-
tion Officer at Ames Research Center called it to the attention of NASA Head-
quarters as an idea having potential non-space applications, In Washington,

a description of the device was shown to Dr, Q. L. Hartwig, Biological Sciences
Communication Project, George Washington University, a physiologist assign-
ed to the NASA Technology Utilization Division to provide biomedical assis-
tance and advice. Dr, Hartwig knew of the problems the Food and Drug
Administration faced in studying the effect of drugs on developing chick embryos
and so contacted scientists in that agency and informed them of this novel de-
velopment, The FDA researchers promptly evidenced high interest in its
potential application in such areas as drug research and vaccine production,
Biomedical workers make extensive use of chick embryos in such research;
but techniques that rely on the use of probes within the shell, or of visual
candling methods, leave much to be desired. The Ames development thus
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promises to have a utility in terrestrial applications quite unexpected during

its original development, To transfer the moderately complicated technology
from NASA to FDA, the Ames Research Center built an improved version of
the apparatus for indefinite loan to FDA, and arranged in March 1964 for a
cooperative demonstration of the method for Dr. Jacqueline Verrett of the FDA,

This brief account does more than suggest that the distance between
micrometeorite analysis and vaccine manufacture is not as great as it seems,
It also underlines the often unexpected benefits of even the most specific ap-
plied research. The administrator of the National Aeronautics and Space Ad-
ministration has established a technology utilization program for the ''rapid
dissemination of information ., on technological developments ... which ap-
pear to be useful for general industrial application.'" From a variety of
sources, including NASA Research Centers and NASA contractors, space-
related technology is collected and screened; and that which has potential in-
dustrial use is made generally available., Information from the nation's space
program is thus made available to American industry, including the latest
developments in materials, processes, products, techniques, management
systems, and analytical and design procedures. This publication is part of
a series intended to provide such technical information.

The Director of Technology Utilization
National Aeronautics and Space Administration
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Figure 1.- Momentum transducer adapted as an avian ballistocardiograph.




MEASUREMENT OF THE HEARTBEAT OF BIRD EMBRYOS
WITH A MICROMETEORITE TRANSDUCER
By Vernon L. Rogallo

Ames Research Center
Moffett Field, California

SUMMARY

A new ultrasensitive momentum transducer has been successfully
adapted as a ballistocardiograph to measure the heart beat of avian
embryos. Experiments at Ames Research Center have demonstrated that
life can be detected as early as 4 days in the incubation period and
monitored to maturity without damage to the avian embryo. Changes in
heart-beat rate and intensity resulting from temperature changes or
other external stimuli were readily detected by the instrument. The
technique appears to open new avenues of investigation for application
in such areas as vaccine production and drug research.

INTRODUCTION

An ultrasensitive momentum transducer has been developed having
unique characteristics which lend themselves to applications in many
fields. Although several applications have been made at Ames, this
report will be restricted to preliminary results of an application to
biomedical research.

Biomedical researchers are currently using growing tissue, such as
that found in chick embryos, to determine effects of wvaccines and vari-
ous drugs. One technique for determining the effect of drugs is to
monitor the heart beat or muscular movement by use of probes inserted
into appropriate areas for electromyographic measurements. This tech-
nique has numerous disadvantages, however. A second method, the visual
or "candling" technique, appears to be the more generally accepted
method in embryo drug research, but it too leaves much to be desired.

The investigatlion reported herein was undertaken to determine
whether a piezoelectric transducer, developed at Ames as a micrometeor-
oid momentum detector, could be used to detect the heart beat of avian
embryos. It was hoped that the sensitivity would allow the activity of
the embryo to be monitored throughout the incubation period. Since the
technique would not involve damage to the embryo, it would substantially
improve the state of the art.




INSTRUMENTATTION

Momentum Transducer

A photograph of the instrument used in the investigation is shown
in figure 1, and a diagram of the sensing mechanism is presented in
figure 2. The instrument operates as a spring mass system in which the
primary mass is an avian egg cradled in a plastic basket attached to
the top of a support stem. The stem is attached to a pair of piezo-
electric beams which serve both as springs and acceleration sensors.
This suspension provides essentially a single degree of freedom with
sensitivity in only one direction.
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Figure 2.- Avian ballistocardiograph arrangement.

The instrument was originally designed to provide the sensitivity
needed to measure micrometeoroid impacts in outer space. The instrument
can support a mass of 60 grams and still achieve a sensitivity of 1075
dyne seconds (corresponding to 10 microvolts output) with a dynemic
range of approximately 8 orders of magnitude (the momentum threshold
corresponds to one thousandth of the impact achieved by a grain of table
salt, weighing 150x10~€ gram, when dropped from a height of one
centimeter).

The instrument was initially designed to measure randomly spaced
impulses that recur at time intervals, which are large compared to the
decay time constant of the spring mass system (approximately 1/20 second
for the instrument tested). Since its application to chick embryo heart-
beat measurements involves its use with periodic disturbances that recur
at intervals of a few time constants, the peak output amplitude of the
transducer is sensitive both to the magnitude of the heart beat and to
its period. Further, since the momentum impulse cannot be assumed to be
short compared to the period of the spring mass system, the output of the
transducer used for these tests will be sensitive to the shape of heart
beat. For these reasons, the tests described yield accurate data rela-
tive to existence of life activity and heart-beat rate but yield only
qualitative information regarding the shape and magnitude of the heart
beat.




Electronic Equipment

A block diagram of the instrumentation used in the experiments is
shown in figure 3. The system utilized electronic equipment with an
equivalent input noise level of 0.02 microvolt per cycle.

A dynamic force input (the impulse due to heart beat, for example)
induces an exponentially decaying resonance of the spring mass system.
The output is amplified, passed through a narrow band filter, and
detected. A comparison of the detected and undetected forms of output
will be discussed and illustrated subsequently in the results.

Embryo

Undetected
000X 100X AW ——Signal-10 Meg.
Probe to Scope

Momentum Differential Wide Band Narrow

Transducer Amplifier Amplifier Band-Pass Filter
Tuned to
Transducer
Frequency

\ Detected Signal
to Scope

Detector Low pass Filter
Cut off Set
at 10 cps

Figure 3.- Arrangement of electronic equipment.

Calibration

Although the measurements were qualitative, the instrument was
periodically calibrated as follows. A known dc voltage was applied to
the lower beam of the transducer, inducing a beam displacement propor-
tional to the applied potentisl. As the voltage was discharged, the
suspended mass and the beams vibrated freely. The piezoelectric output
from the upper beam provided a measure of the relative sensitivity of
the instrument.

Filter tuning was also accomplished by use of the lower beam. The
output from an oscillator on the lower beam oscillated the suspended mass
and the beams at their resonant frequency; the filters were then adjusted
for maximum output.




PROCEDURE

The instrument was essentially employed as a miniature ballisto-
cardiograph. An egg was placed in a plastic cup attached to the stem of
the instrument (fig. 1). Since the instrument is sensitive to accelera-
tion due to internal mass movement, the accelerations resulting from
action of the embryo heart were monitored by the instrument. The moving
mass of the instrument was approximately 1/a gram, whereas an average
chicken egg is approximately 50 grams. Thus, differences in the masses
of the eggs being tested appreciably altered the natural frequency of
the instrument. It was necessary, therefore, either to retune the elec-
trical filters in the system or to compensate by addlng weights for eggs
of lesser mass.

In order to use the instrument to the degree of sensitivity required
for heart-beat measurements, spurious mechanical motions transmitted to
the transducer by vibration of its supports or by acoustical coupling
must be kept to a minimum. To isolate the transducer it was placed on
a 1/b-inch-thick flexible foam urethane pad which rested on a heavy steel
mass supported by 4 inches of urethane (as shown in fig. 4). This
assembly was enclosed in a urethane foam box on the shelf of an incubator.
The incubator was also supported on foam pads. To further reduce vibra-
tion and noise, the incubator was located within a double-walled sound-
proof room. The inner room was 1lsolated from the outer protective
enclosure by an air gap and supported by shock mounts from the floor.
Most of the electronic equipment was located outside the room. Despite
this isolation, if one gently tapped on the outside wall of the chamber,
the instrument responded to the disturbance.

RESULTS AND DISCUSSION

Because the existing instrument was designed for a mass of 7 grams,
Bobwhite quail eggs were used in the first experiments. These tests
were necessarily crude in that ideal environmental conditions were not
maintained and embryos of different incubation periods were not avail-
able. Turther, the embryos were removed from an incubator, placed in a
preheated box, and conveyed several hundred feet to the test room.

Since the temperature of the test room was uncontrolled and approximately
25° F lower than optimum incubation temperature, the eggs gradually
cooled with a resulting reduction of their vital activity. Despite this
obviously crude procedure, the first results were quite encouraging.
Results of these tests are shown in figure 5. Figure 5(a) is the direct
output of the pilezoelectric beam obtained from a 1l7-day embryo while
figure 5(b) was obtained from a 15-day embryo. It can be noted that the
15-day embryo has a heart-beat rate approximately 75 percent faster than
that of the 17-day embryo. The intensity of the recorded heart beat for
the 15-day embryo is approximately 2-1/2 times that of the 17-day embryo.
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(a) 17-day Bobwhite quail embryo; (b) 15-day Bobwhite quail embryo;
horizontal scale = 0.2 sec/cm, horizontal scale = 0.2 sec/cm,
vertical scale = 200 mv/cm. vertical scale 5OO mv/cm.

Figure 5.- Temperature effects on 17-day and 15-day embryos.

The difference in heart-beat rate and intensity was attributed to dif-
ferences in temperature of the two specimens. The temperature of the
ambient air was 95° F for the 15-day embryo and between room temperature
(730 F) and 95° F for the 17-day embryo. The effects of temperature
were observed as the egg environment was heated with a conventional
hair dryer. The effects were even greater than those previously men-
tioned. Because the temperature effects were so pronounced, a standard
incubator was employed thereafter (the test setup is discussed under
Procedure) .

The tests were terminated when the Bobwhite quail embryos became
unavaillable, but were resumed when an instrument capable of supporting
a 60-gram mass became available. Thereafter, it was possible to use
chicken embryos which were readily available at any desired incubation
age. Further refinements to the instrumentation were also made. A
detector was added to the system (see Instrumentation) to demodulate
the output and provide a more conventional ballistocardiogram. A com-
parison of the direct and detected output wave forms is shown figure 0
for a 16-day chicken embryo.

The above results indicate that the first objective of the experi-
ments was attained; namely, that the instrument is adaptable to such
studies. The second objective was to establish how early in the incuba-
tion period life could be detected. It was found that in embryos of
different incubation ages, life could be detected in approximately U4 days
and a strong heart beat could be detected in 8 days. Figure 7(a) shows
a typical 8-day heart beat. It may be noted that the magnitude is not
quite so regular as in the more mature embryos. However, the response
of the instrument to the activity of the 8-day embryo was well above the
instrument noise level. This was ascertained by observing the output of
the piezoelectric beam (fig. 7(b)) after substitution of an equivalent

dummy mass.
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Figure 6.- 16-day chicken embryo; horizontal scale = 0.2 sec/cm,
vertical scale = 50 mv/cm.
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(a) 8-day chicken embryo; (b) Noise level check with dead weight;
horizontal scale = 0.2 sec/cm, horizontal scale = 0.2 sec/cm,
vertical scale = 20 mv/cm. vertical scale = 20 mv/cm.

Figure T.- Heart beat of young embryo and the associated instrument noise level.
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Figure 8.- 18-day chicken embryo; horizontal scale = 0.2 sec/cm,
vertical scale = 500 mv/cm.




The dynamic range of the instrument was adequate for use with both
the 8-day embryo and the more mature embryos. For example, it can be
noted from figure 7(a) (the 8-day embryo) and figure 8 (an 18-day embryo)
that the 8-day embryo required the order of 80 times the sensitivity.

Observations were made periodically over a period of several hours
for a given egg orientation, and the heart-beat rate remained essenti-
ally unchanged. It became obvious quite early in the investigation that
the embryos were oriented in the egg shell and that the characteristic
wave form changed when the egg was rotated with respect to its longitu-
dinal axis. In order to observe the varlation in heart-beat patterns
wlth orientation, patterns were recorded with orientation changed (through
360o in increments of hSO) and are shown in figure 9. Although these
records were obtained over a period of minutes and the angle was not pre-
cisely set, the results tend to indicate the effects of embryo orienta-
tion. It was also observed that for a given orientation, the embryos
would periodically reorient themselves within the egg shell, thereby alter-
ing the heart-beat wave form. The amount of self-induced orientation activ-
ity appeared to depend on the age of the embryo and on the particular
orientation of the egg, as though the embryo were more comfortable in some
positions than in others. A further point of interest is that when an
embryo is disturbed (e.g., by rotation) it responds to the stimulus by
spontanecus muscular movement and changes in heart-beat intensity. It
should be kept in mind that the records reflect all forms of movement
within the embryo. A sporadic muscular movement is quite pronounced in
figure 9(c).

CONCLUDING REMARKS

Although the tests were quite limited and qualitative in nature,
sufficilent information has been obtained to ascertain the usefulness of
the instrumentation for detecting motions of small living organisms. It
has been demonstrated that without altering the embryo in any manner,
the instrument can detect life within an embryo having a rigid enclosure.
Activity of the embryo was detected L4 days after the beginning of incuba-
tion. The effects of temperature on the embryo were quite pronounced and
could be readily observed. The effects of orientation were also readily
observed. Because the technique does not harm the embryo, life could be
observed from 4 days after incubation to the full development of the
embryo.

While useful experiments can be performed with the single-component
instrument developed for other purposes, a three-component instrument
with improved transient response would have obvious advantages.
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Figure 9.- 15-day chicken embryo; horizontal scale = 0.1 sec/cm,
vertical scale = 500 mv/cm.
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(j) Placed on end

Figure 9.- Concluded.




